the CWC increased, while the ADC remained unchanged and may reflect the simultaneous presence of cellular and vasogenic edema. Both types of edema disappear within a week after microbeam exposure which may confirm the normal tissue sparing effect of MRT.
(Some figures in this article are in colour only in the electronic version)
Introduction
The median survival time of treated glioblastoma patients is 1 year; the 5 year survival rate is 2% (Salcman, 1980 , Chatel et al 2005 , Black, 1998 , de Crevoisier et al 1997 . Thus, better therapies are needed to improve the palliation of malignant brain tumors. Conventional temporally fractionated irradiation of the brain with high cumulative doses has been shown to significantly increase the survival time. However, this treatment may cause considerable healthy tissue damage, months to years after exposure: pituitary diseases, hormone depletion, demyelinization and white matter radionecrosis. The latter two may result in severe cognitive dysfunctions and dementia (Skowronska-Gardas et al 2004 , Ng 2003 , Bertrand and Liang 1999 , Lamproglou et al 1995 , Szeifert et al 2002 , Toogood 2004 , Moretti et al 2005 .
Complications of irradiation may also arise as a consequence of vasogenic edema following disruption of the blood-brain barrier (BBB) (Bertrand and Liang, 1999 , St George et al 2002 , Werner-Wasik et al 1999 . Several studies have reported the occurrence of a transient increase of BBB permeability after radiation exposure. Its duration is different from one study to another, and strongly depends on the size and the physicochemical properties of the probe used to assess it (Diserbo et al 2002 , Yuan et al 2003 , Nakata et al 1995 .
Microbeam radiation therapy (MRT) (Slatkin et al 1992) , a form of radiosurgery, uses spatially fractionated, microscopically thin x-ray beams with negligible divergence, generated at a high dose rate by wigglers in a synchrotron electron storage ring. MRT has been developed since the early 1990s at the National Synchrotron Light Source (Brookhaven National Laboratory, USA) (Slatkin et al 1992 , Laissue et al 1998 and at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) (Brauer-Krisch et al 2005 , Serduc et al 2006 . It uses x-ray microbeams that have a wide energy spectrum of photons with a broad peak in the 80-120 keV range at the ESRF. The microbeam dose rates are high enough to deliver an absorbed physical radiation dose of several hundred Gy within a fraction of a second. Tissues are exposed to an array of nearly parallel, microscopically thin beams (25 to 100 µm width) separated by 100 to 200 µm center-to-center distances.
MRT has shown a remarkable sparing of normal radiosensitive tissues (Schweizer et al 2000 , Dilmanian et al 2001 , 2003 , Laissue et al 1998 , Slatkin et al 1995 as well as preferential damage to malignant tumor tissues growing into such normal tissues in laboratory animals (Dilmanian et al 2002 , Laissue et al 1998 , Miura et al 2006 , Smilowitz et al 2006 . It was hypothesized that the high tolerance of normal tissue to MRT might relate to a better resistance against radiation-induced vascular damage (Laissue et al 1998 , Slatkin et al 1995 . Our previous study has shown that microbeam irradiation does not induce changes in a murine cerebral blood volume or vascular density in the first 3 months after exposure. A transient BBB disruption has been observed only for a high radiation dose (1000 Gy) (Serduc et al 2006) . In this context, spatially fractionated radiation using microplanar beams is of major interest, because a rapid repair of the BBB could limit radiation-induced brain edema. However, the presence or absence of cerebral edema has not been completely ascertained in our previous study (Serduc et al 2006) . The magnitude of cerebral edema could have been underestimated because the fluorescent probe used to characterize the BBB breakdown is a large molecule (about 0.6 kDa) compared to water and electrolytes involved in brain edema.
Diffusion-weighted MRI (DW-MRI) provides a unique form of MRI contrast, based on translational diffusion motion of water molecules, and has been shown to be useful and reliable to study non-invasively the brain water properties in the course of experimental and clinical cerebral pathologies (Sotak, 2002) . DW-MRI has emerged as a particularly sensitive method to detect and to characterize cerebral edema (Naruse et al 1982 , Tosoni et al 2004 . This technique allows the determination of the apparent diffusion coefficient (ADC). The ADC changes are associated with cerebral injury and can discriminate cellular from vasogenic cerebral edema (Barzo et al 1997 , Ito et al 1996 , Assaf et al 1997 , Marmarou et al 2000b , Barber et al 2005 , and brain edema occurring after conventional radiotherapy has been characterized by the changes of the ADC values. The ADC is directly related to water mobility. In the case of cellular edema, water mobility is thought to be reduced due to a two-fold phenomenon: shift of water from extracellular to the intracellular compartment where water mobility is more restricted and the reduction in extracellular space due to cell swelling. On the other hand, vasogenic edema is characterized by a relative increase in water in the extracellular compartment, where water is more mobile. However, in certain cases, both types of edema can occur simultaneously, leading to a pseudo-normalization of ADC values.
The aim of this work was to study the early effects (1 day-1 month) of microbeam irradiation on cerebral edema formation in normal mouse brain tissue. Microbeam exposure was conducted at two different entrance doses, 312 and 1000 Gy. Brain edema was characterized in vivo by the DW-MRI and quantified ex vivo by specific microgravimetry at different time intervals after irradiation.
Materials and methods
All experimental procedures were performed in accordance with the French Government guidelines for the care and use of laboratory animals (license nos 380321, A 3851610004 and B 3851610003).
Radiation source and microbeam exposures
Female Swiss nude mice (Charles River, France), approximately 5 weeks old and weighing 14-24 g, were irradiated with microbeams in a pseudotherapeutic mode at the European Synchrotron Radiation Facility, as described previously (Serduc et al 2006) . Nude mice were chosen because this host will enable the analysis of the response of human glioma xenografts to MRT in the near future. Briefly, the x-rays emitted from the wiggler insertion device had an energy spectrum which ranged between 50 and 350 keV with a mean energy of about 90 keV. The dose rate was approximately 17 000 Gy s −1 . The fan-shaped beam was spatially fractionated in an array of microbeams by using an adjustable multislit collimator of the Archer type (Archer 1998), which was positioned about 80 cm distance from the head of the animals.
The mice were anesthetized with an intraperitoneal injection of xylazine/ketamine (0.1%/1% in saline buffer, 10 µl per gram of body weight) and positioned horizontally in the beam on a computer-controlled goniometer. The upper part of the left cerebral hemisphere was irradiated in the antero-posterior direction by an array of 18 parallel planar microbeams (vertically oriented). The entire brain region covered by the array will be termed 'irradiated region'. The mean microbeam size was 23 ± 1 µm × 4 mm. The microbeam center-to-center distances were 211 µm (figure 1); the entrance doses were 312 ± 10 and 1000 ± 30 Gy. The composite irradiation field was 4 mm high and ∼3.6 mm wide (figure 2, red vertical lines). The uniformity and size of microbeams were checked by a radiochromic film, and the incoming spatially non-fractionated dose was measured using ionization chambers. Conversely, valley doses referred to in this paper purely rely on theoretical Monte Carlo calculations, since detectors small enough to measure absolute dose in the micron range do not exist.
Monte Carlo simulations
The doses were calculated by means of the Monte Carlo method, which is the calculation method normally used for MRT dose planning and quality assurance at the ESRF (Siegbahn et al 2006) . With this method, the energy deposition of each x-ray can be calculated based on the knowledge of x-ray interaction probabilities. Every x-ray interaction is simulated in detail until the energy falls below a specified absorption energy (in this case, 1 keV).
For this particular work, a cubic model of a mouse head was used as input in the simulations. This corresponds to a very realistic geometry of a real mouse head, where the main issue of absolute peak and valley dose distribution is primarily affected by the number of microbeams, their size and spacing, the point of interest in depth and only marginally influenced by the exact shape of the phantom. The typical measured bone thickness of the mouse skull was 0.4 mm and therefore on all sides of the cube, a 0.5 mm thick bone surface and a 0.5 mm thick skin surface as the outermost layers were simulated. The composition of each material was taken from report #44 of the International Commission of Radiation Units and Measurements. Only one 25 µm wide and 4 mm high microbeam was considered in the Monte Carlo simulations. The energy deposition in the brain tissue in the middle of this model-mouse-head phantom was scored over a microplanar tissue slice of the same size. To obtain a profile of the rapidly varying dose distributions, the scoring volume was subdivided into volumes with micrometer resolution along the direction perpendicular to the microbeam propagation. A microbeam array with 18 microbeams was then considered to be impinging on one side of this cube. The calculated dose for one microbeam was then used in a superposition formula to obtain the dose for the entire microbeam array according to a procedure described in Siegbahn et al (2006) .
Magnetic resonance imaging
Animal preparation. Fifty mice (16-24 g) were divided into two groups. All mice were irradiated as described above, using an entrance dose of 312 Gy for the first group and of 1000 Gy for the second. Each group of 25 mice was equally divided into five subgroups which were examined 1, 7, 14, 21 and 28 days after radiation exposure. Mice were placed in a cradle; the head was secured by ear pins. Anesthesia was induced as described above and the body temperature was maintained at 37
• ± 0.5
• C using a warm-water circulating pad.
Diffusion-weighted magnetic resonance imaging. NMR signal sensitivity to diffusion is obtained by the application of the Stejskal-Tanner (Stejskal and Tanner 1965 ) spin echo MR sequence in which two identical magnetic field gradient pulses (magnitude G, duration δ and separation are applied on both sides of the refocusing pulse. In the case of an isotropic unrestricted medium, the NMR signal is attenuated by exp(−bD), where D is the molecular self-diffusion coefficient and b is the gradient factor b = γ 2 δ 2 G 2 ( − δ/3), determined by the magnitude, duration and timings of the gradient pulses. γ is the gyromagnetic ratio of the nuclei. In vivo, the signal of the water molecules may present restriction and anisotropy. The diffusion coefficient in that case stands for the ADC. The ADC, therefore, may depend on the spatial direction of the applied magnetic field gradients. A complete description of the diffusion properties would then require the full measurement of the ADC tensor, rather than of an ADC scalar, which consists of a minimum of seven independent measurements: the reference image (corresponding to the reference signal S 0 ) and six measurements in which diffusion gradients were applied at six different spatial directions corresponding to signals S k with k = {1, 6}.
The dependence of the NMR signal on the diffusion tensor is given by DW-MRI experiments were performed on a horizontal 7 T small bore magnet of 12 cm diameter ( R Magnex Scientific Ltd, Abingdon, UK) interfaced with a SMIS Imaging system ( R Surrey Medical System Imaging Ltd, Guilford, UK). The magnet was equipped with actively shielded gradient coils with gradient strength up to 200 mT m −1 . A 12 mm diameter circular radiofrequency surface coil, placed above the mouse's skull, was used for excitation and signal detection. In the six diffusion experiments, the magnetic field gradients were applied along the following spatial directions (x, 0, 0), (0,
The duration of the pulsed diffusion gradients (δ) was 8 ms and the diffusion time (t diff = δ − /3) was set to 17 ms. In all directions, diffusion sensitizing gradients gave a gradient b factor of 500 s mm −2 . This b-value was intentionally set low to obtain a good signal-to-noise ratio on the diffusion-weighted images as well as to have a mono-exponential decay of the signal attenuation corresponding to intra-and extra-cellular water. A field of view of 12 × 12 mm 2 was sampled on a 64 × 64 Cartesian grid. After Fourier interpolation to 128 × 128, the in-plane pixel size was 94 µm. Five slices of 1.5 mm thickness were acquired in the coronal plane. Scans were averaged four times. The echo time was set to 40 ms and the repetition time between consecutive measurements was 2500 ms. The complete diffusion measurement lasted 37 min.
DW-MRI analysis. Data analyses were performed on a UNIX workstation using software written in IDL ( R RSI Boulder, CO). The six independent elements of the diffusion tensor were derived after the resolution of the six independent equations according to equation (1). The three principal diffusivities were calculated by diagonalization of the diffusion tensor for each pixel of the image. Mean diffusivity ( ADC ) was finally mapped in a gray scale. The program allows manual delineation of a region of interest (ROI) on the ADC maps (figure 2). Four regions of interest (ROIs), i.e. cortex and the whole irradiated area versus their contralateral counterparts, were analyzed. A Wilcoxon test was used to compare ADC values between irradiated and contralateral-related regions (significant for p < 0.05).
In addition to the ROI analysis, the histogram of ADC values of each whole hemisphere (irradiated and contralateral parts) was plotted (figure 3). According to Loenneker et al (2005) , this method allows characterization and estimation of brain lesion volumes from ADC maps without operator interaction. The shift of ADC plots (irradiated versus contralateral) reflects the presence of a brain lesion: a left shift of the irradiated histogram corresponds to a decrease of ADC values, i.e. a cellular edema (more restricted water diffusion); a right shift refers to an increase of ADC values, i.e. a vasogenic edema (water more mobile). By using this analysis method, the lesion size can be assessed by counting all irradiated pixels with ADC values outside the ADC distribution of the contralateral hemisphere (hatched area in figure 3(a) ) and normalizing to the total brain volume.
Microgravimetric determination of the cerebral water content
Specific microgravimetry is a reference method used for cerebral water content determination (Marmarou et al 1978 (Marmarou et al , 1982 . Biopsies are immersed in an organic solvent column with a linear and calibrated density gradient. The specific gravity of the sample is determined from the equilibrium position of the biopsy in the column. The water content is then calculated according to the formula described by Takagi et al (1981) and modified by Fatouros and Marmarou (1999) :
462.6 Sg − 362.6, with Sg as the specific gravity.
The column was prepared by progressively mixing two solutions of known density: bromobenzene and kerosene. The densities at the bottom and at the top of the column were 1.065 and 1.015, respectively. The correlation between the specific gravity (Sg) and equilibration height was assessed using previous calibrations by six drops of K 2 SO 4 solutions with fixed densities.
Cerebral water content determinations were performed at 1, 7, 14, 28 days after microbeam irradiation on a second group of animals irradiated as described previously (n = 3 to 6 animals per delay and dose). Animals were euthanized by neck dislocation, the brains rapidly excised and placed in a pre-cooled matrix (4 • C). Three, 2 mm thick, coronal slices were taken from the cerebrum. From each of these slices, two to three samples (2 to 4 mm 3 ) were taken from the irradiated and contralateral cortices and immediately immersed in the column. After 2 min of stabilization, the equilibrium height in the column of each biopsy was noted and the CWC was calculated. A unilateral Mann-Whitney test (significant for p < 0.05) was applied to all biopsies obtained at one given delay post-irradiation and one dose to determine differences in the CWC in the irradiated and non-irradiated hemispheres.
Results

Diffusion measurements
A significant difference between ADC values was observed only 1 day after a 312 Gy skin entrance dose irradiation. There was a decrease of ADC values in the irradiated cortex (−9%, p < 0.05) and in the whole irradiated region (−4.5%, p < 0.05) in comparison to the contralateral regions. These results are illustrated on the ADC plots, where the five mice analyzed 1 day after a 312 Gy exposure revealed a left shift of the irradiated hemisphere ADC curve on the histogram ( figure 3(a) ). The lesion volume was measured on the curves by multiplying the number of pixels of the hatched area ( figure 3(a) ) with the image resolution. One day after radiation exposure, the irradiated volume was estimated to be 30 ± 11 µl (range from 13 to 42 µl) on average (as measured on the central coronal slice by MRI, for each mouse studied) which represented 25 ± 10% (range from 12 to 35%) of the total brain volume on the slice.
The differences between all the other values noted in the entire experiment were not significant. One week after exposure to 312 Gy, ADC values (±SD) were 6.4 ± 0.3 × 10 −4 mm 2 s −1 in the irradiated cortex, 6.5 ± 0.5 × 10 −4 mm 2 s −1 in the nonirradiated cortex, 6.5 ± 0.3 × 10 −4 mm 2 s −1 and 6.5 ± 0.4 × 10 −4 mm 2 s −1
, respectively, in the whole irradiated region (gray and white substance) and its non-irradiated contralateral counterpart. After exposure to the higher radiation dose (1000 Gy), no significant differences were observed between ADC values in irradiated and contralateral regions, whatever the observation time.
No evolution of the ADC values as a function of time after irradiation was found for both the radiation doses. Figure 4 reports the differences between the mean CWC in the irradiated cortex versus the contralateral cortex. No significant change in the CWC after exposure to 312 Gy was found whatever the observation delay. After 312 Gy microbeam exposure, the CWC ranged between 76.4 ± 0.3% and 78.4 ± 0.9% in the irradiated cortex and between 76.1 ± 0.5% and 77.9 ± 0.9% in the contralateral cortex.
Cerebral water content measurements
Conversely, 24 h after a 1000 Gy microbeam irradiation, the specific microgravimetry showed a significant increase of the CWC in the irradiated cortex. Microgravimetric analyses revealed a 0.7 ± 0.3% (p < 0.05) increase in the CWC (78.5 ± 1.2%) in comparison with the contralateral cortex (77.8 ± 1.3%). From 7 days to 1 month after irradiation, no difference in the CWC was apparent between irradiated and non-irradiated cortices.
Discussion
Our results show that an array of 18 quasi-parallel microplanar beam with an in-slice entrance dose of 312 Gy, covering an estimated ∼25% volume of the left cerebral hemisphere of a mouse, induced a significant decrease of ADC values 1 day after microbeam irradiation. Microgravimetric analyses did not reveal any significant change in the CWC, whatever the observation time (1 day to 1 month after irradiation). An entrance dose of 1000 Gy induced an increase of the CWC 1 day after irradiation but no change in ADC values.
ADC values measured in all non-irradiated regions (mean value ± SD: 6.3 ± 0.6 × 10 −4 mm 2 s −1
) were in accordance with those found in the literature (Barbier et al 2005 , Barzo et al 1997 , Boretius et al 2004 , Calamante et al 1999 . Rau et al measured ADC values of 7.06 ± 0.29 × 10 −4 mm 2 s −1 in the temporal lobe of SJF mice (Rau et al 2006) and Borietus et al found 6.0 ± 0.3 × 10 −4 mm 2 s −1 in mouse gray matter (Boretius et al 2004) . ADC values determined 1 day after a 312 Gy skin entrance dose exposure decreased in irradiated regions in comparison to contralateral parts (−9% and −4.5%, respectively, in the irradiated cortex and the whole irradiated region). These results appeared clearly on the plots of the ADC values where all representations revealed a left shift for the irradiated hemisphere curve with respect to the contralateral one. According to Ito et al (1996) , ADC reduction characterizes the presence of cellular edema in injured brain. Our previous study showed that a 312 Gy microbeam irradiation did not provoke the diffusion of a small fluorescent probe (sulforhodamine B, 0.58 kDa) through the BBB from 2 h to 1 month after radiation exposure (Serduc et al 2006) . Taken together, these results suggest that microbeam irradiation delivered at a skin entrance dose of 312 Gy does not induce the BBB breakdown and vasogenic edema, but rather cellular edema. CWC measurements carried out 1 day after irradiation with the same dose indicated a weak, but non-significant water concentration increase in irradiated hemispheres. Microgravimetric analyses have been used in our laboratory to measure CWC differences in other brain pathologies such as trauma or ischemia (Barbier et al 2005 , van de Looij et al 2006 . For instance, cranial trauma in rats induced a 0.9% increase of the CWC 6 h following injury, associated with a 16% decrease of ADC values compared to control groups (van de Looij et al 2006) . Two hours after middle cerebral artery occlusion, larger CWC increases (2%) and ADC decreases (38%) were noted (Barbier et al 2005) . These variations in CWC and ADC values appeared larger than those induced by a 312 Gy microbeam radiation exposure. Brain edema is generally associated with the disturbance of cellular osmoregulation (Barzo et al 1997 , Ito et al 1996 . It is well established that ionizing radiations (IR) induce structural and biochemical changes in cellular proteins and membranes. Indeed, IR modifies membrane charges and fluidity of cells, which allow Na + , Ca 2+ entrance in the cytoplasm while K + ions transfer to extracellular space (Bonnefont-Rousselot 1994) . It has been shown that a dosedependant inactivation of Na + /K + ATPase occurs after 80 kV x-ray irradiation until a dose of 1200 Gy (Hitschke et al 1994) . The subsequent failure of the Na + /K + ATPase pumps which can occur after exposure to microbeams may cause water protons and ions to migrate from the faster diffusing extracellular space into the slower diffusing, more restricted intracellular compartments, resulting in cellular edema, characterized by decreasing ADC values due to cell swelling and water redistribution. Our results suggest that microbeam irradiation using a skin entrance dose of 312 Gy induces a weak cellular edema without a significant CWC increase.
For the higher radiation dose (1000 Gy), no significant difference in ADC values was found between the irradiated and the contralateral parts whatever the observation delay. This is illustrated on the plots of the ADC values: there is no shift between irradiated and contralateral hemispheres. However, microgravimetry showed a significant CWC increase 1 day after exposure to an entrance dose of 1000 Gy in irradiated hemispheres (+0.7 ± 0.3% in the irradiated cortex, p < 0.05), reflecting the presence of cerebral edema. Seven days after microbeam irradiation and at later times, the CWC was not significantly different between irradiated and unirradiated hemispheres. This observation provides the evidence of a rapid cerebral tissue recovery. The lack of any ADC shift 1 day after a 1000 Gy skin entrance dose irradiation, despite an increase in the CWC, might be explained by the simultaneous presence of cellular and vasogenic edema. This hypothesis relies upon three arguments. First, if a cellular edema occurs after a 312 Gy irradiation, it might also occur after irradiation with a higher dose, i.e. 1000 Gy. In addition, neuronal and glial cells situated between the microbeams ('valley' regions) received a single dose of about 10.5 Gy at 1 cm depth in brain (Monte Carlo simulation, figure 5 ). Such a dose, delivered in a broad beam mode to a relatively large volume of brain tissue, is likely to induce membrane permeability changes, cell swelling and ADC values diminution. Secondly, in vivo multiphoton microscopy has revealed sulforhodamine B diffusion across the BBB from 12 h until 12 days after a 1000 Gy microbeam irradiation of the parietal cortex of nude mice (Serduc et al 2006) , indicating the formation of vasogenic edema. No diffusion was detected 1 month after microbeam irradiation. Sulforhodamine B diffusion was localized in the irradiated microplanes, which represents less than 1/8 of the total volume covered by the array (microbeam width: 25 µm, center-to-center distance: 211 µm). The detection of the BBB leakage at longer delays after microbeam irradiation is probably due to the very high sensitivity and the resolution of multiphoton microscopy in the micrometer range. We suspect that MRT-induced lesions to normal brain tissue would not be important enough to be detected by microgravimetric analyses and DW-MRI 1 week or longer after radiation exposure. Finally, in several pathologies (brain ischemia and trauma), where both edema developed sequentially, it is known that both edema could be present at some given time points, leading to a pseudo-normalization of ADC values (the decrease of ADC values due to cellular edema being compensated by the increase of ADC values due to vasogenic edema (Welch et al 1995 , Schlaug et al 1997 , Barzo et al 1997 ). Altogether, this led us to propose the hypothesis of the presence of cellular and vasogenic edema, leading to a pseudo-normalization of ADC values associated with an increase of the CWC. Early changes in the CWC after rat brain radiation exposure are not well documented in the literature. In a previous study, Tian et al have shown that a 10 to 30 Gy, broad beam irradiation (half-brain, 4 MeV electrons) induced a 4 to 6% CWC increase measured in the first month after exposure by wet/dry weight methods (Tian et al 2001) . This high water content is thought to be responsible for an intracranial pressure augmentation, resulting in a decrease of cerebral blood flow (Marmarou et al 2000a) and possibly in ischemic cerebral necrosis. Our results indicate that spatially fractionated irradiation by a microplanar x-ray beam is likely to cause less important CWC increases and changes in cerebral perfusion of irradiated parts. Chan et al (2003) report a study of modification of ADC values in radiation-induced cerebral necrosis (following conventional radiotherapy in human brain). ADC values of RT-induced cerebral edema were more than 50% higher than in the contralateral counterpart (17.7 ± 3.5 × 10 −4 mm 2 s −1 for edema component versus 8.2 ± 1.2 × 10 −4 mm 2 s −1 for normal frontal lobe white matter).
Moreover, CWC and ADC values measured in irradiated regions were not significantly different from those obtained in non-irradiated parts 7 days and later after radiation exposure. An edema detected 1 day after exposure is thus quickly resorbed. This observation indicates that MRT, at irradiation configurations relevant to certain radiation therapy applications, is unlikely to cause persistent edema in normal brain tissues.
The sparing effect of MRT of the normal brain is now well described and established (Serduc et al 2006 , Slatkin et al 1995 , Laissue et al 1998 ). Rapid reparation of vascular endothelium after radiation exposure is thought to be the principal cause of this unexpected normal tissue radio-tolerance. Here, we demonstrate that very high radiation doses could be deposited within a large volume (about 25%) of the normal mouse brain without inducing severe secondary effects on cerebral vasculature. Indeed, for both doses studied, radiation-induced cerebral edema was resorbed within 1 week after irradiation. The type of induced cerebral edema (cellular, vasogenic or mixed) may be dose dependent. The high radiation dose (1000 Gy) induced a transient BBB permeability and water accumulation in the brain parenchyma. The vasogenic edema resolved spontaneously, probably by drainage via subarachnoid and ventricular spaces (Payen et al 2003) . BBB disruption secondary to brain irradiation is well described in the literature (for review, see van Vulpen et al (2002) ). Our study provides evidence that spatially fractionated x-ray irradiation of the brain may also induce cellular edema. Indeed, relatively 'low' doses deposed in valley regions could be sufficient to provoke cell swelling and water volume redistribution. Vasogenic edema assessment is straightforward, i.e. on T 2 weighted images in NMR studies, or by imaging the diffusion of intravenously injected probes through the BBB. On the other hand, cellular edema is not easily detectable in experiments. In our work, by using DW-MRI, we provide evidence for cellular edema formation after brain irradiation. Therefore, BBB disruption, induced after microbeam irradiation as well as after conventional radiotherapy, would not be the unique cause of morbidity of brain radiotherapy. Radiation-induced cellular edema should be taken into account too.
In conclusion, this study demonstrates the presence of a minor and transient cellular edema 1 day after a 312 Gy microbeam exposure without CWC increase. One day after 1000 Gy MRT, simultaneous minor cellular and vasogenic edema may have been present. In the animals exposed to 1000 Gy, the vasogenic component may have masked ADC changes typical for cellular edema. Both edema types seem to be resorbed within the first week after radiation exposure. The absence of important cerebral edema formation after microbeam brain irradiation may constitute another important advantage for the therapy of malignant brain tumors by MRT.
